To investigate the effect of the pre-heat treatments on hardening behavior in plane carbon steel during gas nitrocarburizing process, Fe-0.4mass%C-0.2mass%Si-0.8mass%Mn steel was nitrocarburized after pre-heat treatments, normalizing and low-temperature annealing. Hardness and nitrogen concentration in nitrocarburized layer of the normalized and annealed steel was lower than that of steel without pre-heat treatment. Nitrocarburized microstructure was observed by transmission electron microscopy. The observation showed that iron nitrides α"-Fe 16 N 2 were precipitated. The α"-Fe 16 N 2 grains formed in the normalized and annealed steel was larger than that in the steel without pre-heat treatment. These results suggest that both the nitrogen concentration and precipitation behavior of α"-Fe 16 N 2 in the nitrocarburizing process contribute to the difference of the amount of hardening between the pre-heat treated steel and steel without pre-heat treatment.
Introduction
Nitriding and nitrocarburizing are surface hardening heat treatments that are widely used to improve fatigue and/or wear properties of steel parts. On nitrocarburized steels containing a sufficient amount of alloying elements, such as Cr and Al, with high affinity for N, a lot of alloy nitrides are precipitated, and those nitrides contribute to hardening. [1] [2] [3] Low alloy steels which contain only a small quantity of nitride-forming elements also can be hardened by nitrocarburizing. [4] [5] [6] [7] Quenching from nitrocarburizing temperature makes nitrogen into supersaturated solution. In typical industrial nitrocarburizing with oil quenching process, a portion of entering nitrogen may be precipitated as iron nitrides of γ '-Fe 4 N or α"-Fe 16 N 2 in the cooling process. 8, 9) As mentioned above, nitrogen can be existed as various states in nitrocarburized carbon steels.
Various pre-heat treatments, such as normalizing, lowtemperature annealing, and quenching and tempering, are performed to optimize microstructure in carbon steels. It is empirically known that the amount of hardening by nitrocarburizing is affected by the pre-heat treatments carried out before nitrocarburizing. 10, 11) Although this effect of the pre-heat treatments seems to be caused by the various state of nitrogen in the microstructure, the microscopic behavior of nitrogen is not sufficiently understood.
The purpose of this work is to investigate the various state of nitrogen in the nitrocarburized carbon steels, and to clarify the effect of the pre-heat treatments on the hardening behavior.
Experimental
An iron-based alloy of composition Fe-0.41mass% C-0.2mass%Si-0.8mass%Mn was vacuum melted and casted into a ingot. The ingot was heated at 1 523 K, and forged into round bars of 50 mm in diameter. Some of these bars were normalized at 1 123 K for 3.6 ks or annealed at 923 K for 21.6 ks. Square bar specimens of 10 × 10 × 80 mm and cylindrical specimens of 40 mm in diameter and 50 mm in length were cut from the forged bars that were given preheat treatment or non-pretreated. These specimens were nitrocarburized with a gas mixture of 50% NH 3 : 50% RX gas at 853 K for 7.2 ks. At the end of the nitrocarburizing process, the specimens were quenched into an oil bath kept at 373 K. Hardness profile was measured by a Vickers hardness tester on a cross-sectional surface of the nitrocarburized layer. X-ray diffraction analysis was performed with Co Kα radiation (λ = 0.1789 nm) on the core region of nitrocarburized specimens, and full width at half maximum (FWHM) of the {211} ferrite peak was analyzed.
Nitrogen concentration of the nitrocarburized layer was determined in the depth direction by every 50 μm step.
The cylindrical specimens were peeled every 50 μm thick, and nitrogen concentration in collected chips was measured by thermal conductivity detector. Thin foil specimens for transmission electron microscope (TEM) observation were prepared from the depth of 75 μm in the nitrocarburized bar's surfaces.
Nitrogen in the nitrocarburized steels seems to exist as dissolved nitrogen or a part of precipitates, such as γ ' and α ". In order to control the nitrogen state, following post-heat treatments were performed on the bar specimen after nitrocarburizing. First, sheet specimens of 3 mm thick having nitrocarburized surface were cut from the nitrocarburized bars. These sheets were heated at 853 K, the same temperature as nitrocarburizing, for 900 s and quenched into water so that the nitrogen can fully dissolve into the matrix. The dissolved nitrogen can be precipitated mainly as α " at temperature below 573 K, and as γ ' at temperature above 573 K. 12, 13) Therefore, aging at appropriate temperature can make nitrogen precipitate as required iron nitrides, α" and γ '.
In order to precipitate α ", the quenched sheets were heated at 423 K for 21.6 ks and cooled to room temperature in a furnace. Most of nitrogen were precipitated as α " in these specimens.
Aging to precipitate γ ' is performed as follows. First, a part of quenched sheets were heated and kept at 623 K for 7.2 ks. Then, they were cooled to 573 K at a rate of 0.8 K/min and kept for 3.6 ks. Subsequently, they were cooled similarly by 50 K step and kept at that temperature for 3.6 ks, until reaching 423 K. Finally, sheets were cooled to room temperature in a furnace.Hardness profiles of the nitrocarburized layer of those specimens were also measured.
Results

Microstructures
Optical micrographs of the cross sections of the nitrocarburized specimens are shown in Fig. 1 . In all specimens, the microstructure consists of ferrite and pearlite. Table 1 shows FWHM of the {211} ferrite peak in the specimens. The FWHM of the non-pretreated specimen is larger than those of the pre-treated specimens. Because ferrite grain size is several micrometers or more, effect of grain size on the FWHM is negligible. Therefore, the difference of FWHM is mainly caused by change in the amount of lattice defect, such as dislocation. Figure 2 shows the effect of the pre-heat treatments, normalizing and low-temperature annealing before nitrocarburizing, on the hardness profiles. The hardness of the nitrocaburized layer of the pre-treated specimens is lower than that of the non-pretreated specimen. The hardness of the core region also decreases by these pre-heat treatment. Increment in hardness of the nitrocarburized layer relative to the core part is defined as a degree of hardening, ΔHV. Figure 3 shows ΔHV profiles as a function of the depth from the surface of these specimens. Clearly, ΔHV of the pre-treated specimen is less than that of the non-pretreated specimen.
Hardness Profiles
Nitrogen Concentration Profiles
Effect of the pre-heat treatment on the nitrogen concentration profiles is shown in Fig. 4 . From the surface to a depth of around 200 μm, the nitrogen concentration of the pre-treated specimen is lower than that of the non-pretreated specimen. At a depth of 50 μm from the surface, the nitrogen concentration in the pre-treated specimens decreases by around 10%, as compared to in the non-pretreated specimen. The effect of the pre-heat treatment on the nitrogen concentration near the surface is quite similar to that on hardness. This implies that one of the reasons for the lower ΔHV in the pre-treated specimen is the lower nitrogen concentration. The nitrogen concentration profiles at deeper depths in Fig. 4 are magnified in Fig. 5 . In contrast to the surface region, the nitrogen concentration in the pre-treated specimen is slightly larger than that of the non-pretreated specimen. This result suggests that diffusion of dissolved nitrogen from surface to core is suppressed in non-pretreated specimen. Normalizing or low-temperature-annealing reduces dislocations that can attract and trap dissolved nitrogen. 14) Therefore, higher dislocation density can increase the solid solubility limit of nitrogen and disturb nitrogen diffusion to the core region. 
TEM Observation
TEM bright field images taken at a depth of 75 μm below the surface are shown in Fig. 6 . Plate-like precipitates are observed in all specimens. The selected area diffraction pattern taken in the non-pretreated specimen is shown in Fig.  7 (a) (Zone axis: [100]α). At first glance, the pattern exhibits no diffraction spots distinctly different from that of matrix. However, some spots indicated by arrows in Fig. 7(a) can be clearly separated from the spots originated from the matrix. These separated spots indicate the existence of other phase whose crystal structure is slightly different from that of the matrix. Crystal lattice of iron nitrides ε-Fe 2-3 N and γ '-Fe 4 N do not have lattice plane whose lattice parameter is close to that of the matrix {110} and {200}. 15) Therefore, these separated spots seems to be attributed to α" whose crystal structure is similar to the matrix. 16, 17) The size of the precipitates in the non-pretreated specimen is about 100 nm long and several nanometers thick. The precipitates in the pre-treated specimens are larger than those in the non-pretreated specimen. Some of the precipitates are magnified in Fig. 8(a) , and a dark field image in the same area with Fig. 8(a) is displayed in Fig.  8(b) . The enlarged photo shows the large α" precipitate is an aggregate of multiple fine α" plates. The single plate in the aggregate is around 100 nm long and is little different from the plate in the non-pretreated specimen. The contribution of these α" to hardness is discussed in a later section. Figure 9 shows scanning electron microscope images of nitrocarburized layer at a depth of 100 μm from the surface in the post-heat-treated specimen. In the specimen re-heated and quenched after nitrocarburizing, no iron nitrides can be observed (Fig. 9(a) ). Therefore, most nitrogen in this solution treated specimen seems to exist as dissolved nitrogen. Whereas, in the specimen aged 623 K after solution treatment, coarse rod-shaped precipitates are observed (Fig.  9(b) ). Because α" is not stable at higher temperature, these precipitates are γ '.
Post Heat Treatments after Nitrocarburizing
In the specimen aged at 423 K after solution treatment, many fine precipitates are observed (Fig. 9(c) ). These fine precipitates are clearly different from precipitates in the specimen aged 623 K in size. Thus, these precipitates are seemed to be α ".
Effect of the post-heat treatments after nitrocarburizing on hardness profiles in the non-pretreated specimen is shown in Fig. 10 . The hardness at nitrocarburized layer in the specimen aged at 423 K is reduced as compared to that in the solution treated specimen. In addition, the hardness is decreased more drastically by aging at 623 K. Since substitutional alloying elements are not able to diffuse at temperature of 423 K and 623 K, precipitation of alloy nitrides in these aging conditions is negligible. Thus, lower hardness in the aged specimen seems to be caused by the reaction that the dissolved nitrogen precipitates as iron nitrides. Effect of the post-heat treatment on hardness profiles in normalized specimens and in low-temperature annealed specimen are shown in Figs. 11 and 12 , respectively. The aging treatment reduces the surface hardness in these specimens like the case of the non-pretreated specimen. The amount of decrease in hardness by aging treatment at 473 K in the pre-treated specimens is larger than that in the non-pretreated specimen. 
Discussion
Effect of Nitrogen Concentration on Hardness
As mentioned above, if steels are normalized or lowtemperature annealed before nitrocarburizing, increment of hardness and nitrogen concentration at nitrocarburized layer are lower than that in non-pretreated specimen. In this section, we discuss the relation between the nitrogen concentration and the hardness increment. It is well known that Fleischer-Friedel theory explains an effect of alloying elements on solid solution strengthening. 18) In this theory, increment in critical shear stress of material is proportional to increment in square root of concentration of substitutional alloying element. Here, we assume hardening ability of dissolved nitrogen is in accordance with their theory, and examine the increment in hardness with nitrogen concentration. Figure 13 describes the effect of the pre-heat treatment on the relation between the hardness increment and the square root of nitrogen concentration. Here, the hardness in Fig. 13 was interpolated from experimental data, because the data pitch in the hardness measurement differed from that in the nitrogen concentration measurement. In the region with lower concentration of nitrogen, ΔHV increases linearly with the square root of nitrogen concentration. However, in the region with higher concentration of nitrogen, the higher the nitrogen concentration become, the smaller the ratio of ΔHV to the square root of nitrogen concentration become. This result indicates that the increment of hardness is mainly influenced by the dissolved nitrogen in the near core region including less amount of nitrogen. In addition, in the near surface region including a good amount of nitrogen, the nitrides precipitation affects the hardness there.
Effect of α"-Fe 16 N 2 on Hardness
The presence of nitrogen is categorized into three states, namely, dissolved nitrogen, iron nitrides, such as γ ' and α", and alloy nitrides. We discuss a relation between the nitrogen state and the hardness increment on the basis of the hardness data of specimens post-heat treated after nitrocarburizing.
Water quenching can suppress precipitation of iron nitrides during cooling from nitrocarburizing temperature. In the nitrocarburized layer in quenched specimen, most of nitrogen is dissolved. This nitrogen can be precipitated as iron nitrides of α" and γ ' when aged at 423 K and 623 K, respectively. It seems reasonable to assume that γ ' precipitates are too coarse (Fig. 9(b) ) to harden the matrix. Therefore, the amount of solid solution hardening by dissolved nitrogen, ΔHV SH , is assumed to be described as a difference between the amount of hardening in quenched specimen and that in specimen aged at 623 K (Eq. (1)). The α" has body-centered tetragonal structure. An interatomic distance of [100] α" direction is close to that of [100] matrix , the difference within 0.3%. 19, 20) This difference is small enough that α" precipitates on the matrix (001) plane coherently or semi-coherently. Therefore, the fine α" precipitates observed in the TEM photos can harden the matrix by precipitation hardening. 21) We assume that the most of nitrogen is precipitated as α" in specimen aged at 423 K. 22) Under this assumption, the amount of precipitation hardening with the α", ΔHV PH , can be described as the difference between the amount of hardening in the quenched specimen and that in the specimen aged at 423 K (Eq. (2)). (1) and (2), respectively. ΔHV SH is not affected by the pre-treatment before nitrocarburizing. On the other hand, ΔHV PH in the pre-treated specimens is smaller than that in the nonpretreated specimen.
As mentioned previously, the pre-treatment before nitrocarburizing changed the nitrogen concentration at nitrocarburized layer. In order to eliminate the effect of difference in the concentration, the depth position containing 0.12% nitrogen was defined as a standard position in each specimen. The data sets of ΔHV SH and ΔHV PH in Figs. 14 and 15 are smoothed by curve fitting with error function in order to minimize an effect of measurement error. The value of ΔHV PH and ΔHV SH at the standard position in each specimen are obtained with this procedure, and the results are summarized in Fig. 16 . The hardening ability by solid solution hardening at the standard position is not affected by the pre-heat treatment. On the otherhand, the hardening ability by the precipitation hardening in the nonpretreated specimen is larger than that in the pre-treated specimens. This result implies that the hardening ability of precipitation hardening with α" is reduced by normalizing and low-temperature annealing. TEM observation shows a relatively large number of fine α" plates are precipitated in the non-pretreated specimen, while α" in the pre-treated specimens forms large aggregates (Fig. 6 ). This coarsening of α" precipitates seems to result in the decrement of precipitation hardening ability.
Mechanism of Forming Clusters of α"
On the basis of X-ray diffraction analysis, dislocation density in the pre-treated specimens is considered to be lower than that in non-pretreated specimen.In the nonpretreated specimen, α" can be precipitated as many fine plates because of high density of nucleation sites. A relatively low density of the sites may lead to large aggregates formation as described below. Right after the quenching from nitrocarburizing temperature, α" plates precipitate on dislocations already introduced before nitrocarburizing. As the precipitates increase, available nucleation sites on dislocations decrease. Eventually, it become harder for α" to nucleate on dislocations. Later, α" plates precipitate on strain fields induced by the α" precipitated at the early stage and, in consequence, form large clustering aggregates.
Summary
The influence of a pre heat-treatment before nitrocarburizing on the hardening behavior during nitrocarburizing was investigated using a medium carbon steel JIS S40C. The following conclusions were obtained from measurement of hardness and nitrogen concentration profiles and TEM observation.
(1) Normalizing and low temperature annealing reduces the amount of hardening and the nitrogen concentration near the surface compared to non-pretreated specimen.
(2) Iron nitrides of α" finely precipitate in the nonpretreated specimen. On the other hand, α" precipitate as large clustering aggregates in the pre-heat treated specimen.
(3) The smaller amount of hardening in the pre-treated specimen is seemed to be caused by the coarsening of α" and the decreased hardening ability of α".
